calcium concentrations were correlated (r = 0.83), but only in the 12 fish from the most contaminated site; concentrations were not significantly correlated across all sites. Conversely, fillet Cd and calcium were correlated across the range of sites (r = 0.78), and the inclusion of calcium in the fillet-to-blood relation explained an additional 12% of the total variation in fillet Cd. Collectively, the results indicate that blood sampling could provide reasonably accurate and precise estimates of fillet Pb, Co, and Cd concentrations that would be suitable for identifying contaminated sites and for monitoring, but some fillet sampling might be necessary at contaminated sites for establishing consumption advisories.
The killing of potentially valuable fish for the sole purpose of monitoring contaminant concentrations is becoming increasingly unpopular among natural resource management agencies and their constituents, and it is inappropriate for rare, threatened, or endangered species. Previous studies have demonstrated the utility of muscle biopsy sampling as an alternative to sampling fillets and whole fish for monitoring mercury (Hg) and selenium (Se) and for obtaining samples for genetic and other biologic analyses (summarized by Schmitt and Brumbaugh 2007) .The analysis of scales and fin tissue has also been evaluated for a number of metals including lead (Pb) and Hg (Sauer and Watabe 1989; Rashed 2001a, b; Lake et al. 2006; Gremillion et al. 2005; Rolfhus et al. 2008 ). Blood sampling has long been employed for monitoring Pb in humans (Barbosa et al. 2005 ) and in wildlife (Henny 2003) . The utility of blood sampling for monitoring Pb, cadmium (Cd) , and Hg has been demonstrated in a few fish species Schmitt and Brumbaugh 2007) , but investigation for other metals has been limited.
We measured concentrations of Pb, Zn, Cd, cobalt (Co), and nickel (Ni) in blood and fillet samples of northern hog sucker (Hypentilium nigricans; henceforth ''hog sucker'') from streams in southeastern Missouri, a highly mineralized area that has been mined extensively for Pb, Zn, and other metals. Hog sucker and other sucker species (Catostomidae) are harvested in large numbers from area streams by recreational fishers. Concentrations of Pb and other metals associated with Pb-Zn mining are typically higher in suckers than in many other species that inhabit Ozark streams (Czarneski 1985; Gale et al. 2004; Schmitt et al. 2007a ), and they have been consequently identified in a consumption advisory (Missouri Department of Health and Senior Services [MDHSS] 2008). Our primary objective was to evaluate blood as a potentially nonlethal alternative to fillet sampling for mining-related metals in hog sucker. Secondary objectives were to examine the influence of fish length, weight, age, and calcium (Ca) content on fillet metal concentrations (Schmitt and Finger 1987) as well as to provide contemporary data for consideration relative to consumption guidelines and advisories.
Materials and Methods
The procedures described here conform to the recommendations of the American Society of Ichthyologists and Herpetologists (ASIH), the American Fisheries Society (AFS), and the American Institute of Fishery Research Biologists (AIFRB; as well as with all guidelines for the humane treatment of test organisms during culture and experimentation of the United States Geological Survey (USGS) and our laboratory. The study was conducted in accordance with a Scientific Investigator Permit from the United States National Park Service (NPS) and a Wildlife Collectors Permit from the Missouri Department of Conservation (MDC). Use of trade, product, or firm names does not constitute endorsement.
Study Area and Collection Sites
The ''Old Lead Belt'' of southeastern Missouri ( Fig. 1) was mined until the early 1970s. Most mining preceded environmental regulation and used comparatively inefficient extraction technology, which left behind extensive environmental contamination (Schmitt et al. , 2006 (Schmitt et al. , 2007a Gale et al. 2004; Brumbaugh et al. 2005 Brumbaugh et al. , 2007 MDHSS 2008) . The ''New Lead Belt'' or ''Viburnum Trend,'' which is located west of the Old Lead Belt (Fig. 1) , was developed in the 1960s and is currently active. Mining in the Viburnum Trend proceeded under contemporary environmental regulations and used modern extraction technology (Wixson 1978) . Nevertheless, increased metal concentrations and a range of biologic effects have been documented in streams draining the Viburnum Trend (Schmitt et al. 1993 (Schmitt et al. , 2007a Besser et al. 2007 Besser et al. , 2009 Allert et al. 2008, in press) . Exploration for additional Pb-Zn deposits has also occurred within the Mark Twain National Forest, southwest of the Viburnum Trend in an environmentally sensitive area that hosts a national park (Ozark National Scenic Riverways [ONSR] ) and the federally designated Eleven Point Wild and Scenic River (Fig. 1) . The surface watersheds of these streams are sparsely populated and mostly forested, and they contain few point-sources of contamination (Petersen et al. 1998) . Although the five sites in the protected areas currently represent reference conditions with respect to Pb-Zn mining, the exploration area lies within the surface watershed of Eleven Point River (EPR) and the groundwater recharge areas of large springs that feed both the Current River and the EPR, which could be affected by future mining (Imes et al. 2007) .
Hog suckers were collected in 2005 at five sites located within federally protected areas: (1) on the Current River (CRC, CRW, and CRP) and Jacks Fork (JF) within the ONSR; (2) on the EPR. Fish were also collected at a site located on the Big River (BR) downstream of the Old Lead Belt ( Fig. 1 and Table 1 ). In 2007, fish were collected from Strother Creek (SC) and Logan Creek (LC) at sites located downstream of active Pb-Zn mines and mine-related facilities in the Viburnum Trend ( Fig. 1 and Table 1 ).
Sample Containers and Cleaning Procedures
Blood samples were stored in 1.8-mL polyethylene cryogenic vials (Nunc Ò 347627; Nalge-Nunc International, Naperville, IL). The vials and caps were submerged overnight in a bath of 4 M nitric acid and 2 M hydrochloric acid followed by overnight soaking in deionized water. They were then triple-rinsed with high-purity deionized water ([15 MX/cm), dried in a HEPA-filtered air oven, capped, and stored in zipper-seal polyethylene bags. Fillet samples were stored in 1-quart zipper-seal polyethylene freezer storage bags, which were not precleaned. Samples were processed and handled in the field with stainless-steel forceps and knives that were washed in laboratory detergent and rinsed with tap water and methanol between fish to prevent cross-contamination. Titanium and glass instruments were used in the laboratory.
Field Procedures
Hog suckers were collected by electrofishing. The nominal collection target was 12 fish representing the size range typically harvested by recreational fishers (200 to 500 mm total length [TL] ) from each site sampled in 2005 and 6 fish from each site sampled in 2007. A wide size range was sought at each site to facilitate the development and evaluation of regression models relating metal concentrations to fish size and age. Fish were processed according to a protocol intended to minimize external contamination Schmitt et al. 2007a; Schmitt and Brumbaugh 2007) . All contact surfaces were covered with polyethylene or other material that was replaced between fish to prevent cross-contamination. Blood (nominally 1 mL) was obtained by caudal veinipuncture using a chilled, heparinized (6 IU/mL) disposable needle and syringe, then dispensed into a precleaned polyethylene vial. Triplicate blood samples were prepared from one large fish from each of several sites as part of the quality-control (QC) program by dispensing three 1.0-to 1.5-mL subsamples from a single syringe containing 3 to 5 mL blood into separate containers. After blood collection, the fish was killed with a blow to the head, weighed (g), and measured (TL in mm). A scale sample was removed from the area below the dorsal fin for age determination (Jearld 1983) , and the fish was scaled. Using a knife, a skin-on/ bone-in fillet (the locally preferred preparation method) Fig. 1 was obtained from the left side of the fish, and the sex of each fish collected in 2005 was determined by gonadal observation. Fillets from EPR fish included the caudal peduncle and ribs, and those from the other sites represented a smaller area of each fish. The sample was placed in a zipper-seal polyethylene bag and frozen (dry ice) or chilled (wet ice). On return to the laboratory, the blood and fillet samples were stored frozen (-20°C) until analysis.
Laboratory Methods and Quality Assurance
All samples were freeze dried. The moisture content of blood and fillet samples collected in 2005 was determined from weight loss during lyophylization. The moisture content of 2007 samples was not determined. The frozen fillet samples were rinsed twice in their zipper-seal bags with high-purity deionized water to remove surface contamination, then drained thoroughly and transferred to a preweighed glass dish, chopped into 2-cm 2 pieces, weighed, and lyophilized. Fillet triplicates were prepared in the laboratory during processing. Blood samples were thawed, and 0.1-to 0.2-mL subsamples were pipetted into preweighed vials, weighed, and lyophilized. Before analysis, dried fillet samples were transferred to a heavy-duty zipper-seal polyethylene bag in which they were pulverized and hand mixed to produce a uniform, fibrous powder. Dried blood samples were crushed to a fine powder with a polystyrene microspatula just before analysis. Dried, homogenized samples were digested in HNO 3 and H 2 O 2 . Digestates were analyzed for Ca (fillet samples only), Co, Pb, Cd, Zn, and Ni by inductively coupled plasma-mass spectrometry (ICP-MS) Besser et al. 2007 ). Concentrations were reported as micrograms per gram (lg/g) dry weight (dw). Results for replicated samples were reported as the arithmetic mean of the replicates.
In addition to field replicates, laboratory QC included regular measurements of instrument calibration standards and analyses of analytic replicates, reagent blanks, fortified (spiked) samples, and certified reference materials. A calibration blank and an independent calibration verification standard were analyzed every 10 samples to confirm the calibration status of the inductively coupled plasma-mass spectrometer throughout the instrumental analyses using SPEX ClaritasPPT Instrument Check Standard 1 (CL-ICS-1; Spec Certiprep, Metuchen, NJ). As a check for potential interferences, dilution percent differences based on 5-fold dilutions of the sample digestates were determined. Additional QC measures incorporated at or after sample digestion included digestion blanks, certified reference materials, replicates, and predigestion/postdigestion spikes. Samples were digested and analyzed in four (blood) or five (fillets) blocks (groups), each of which included appropriate QC samples. Instrument and method detection limits (MDLs) and method quantitation limits were estimated for each element in each block based on the SDs of the measured concentrations in blanks and standards ( Table 2 ). The QC parameters were generally within acceptable ranges, and most analyte concentrations in blood and fillet samples exceeded the MDLs (Table 2 ). The exception was one block of blood samples in which a small amount of Pb and Ni were detected in the blanks, which resulted in higher MDLs for these samples than for the samples in the other three blocks (Table 2 ). All censored (less than MDL) values were associated with samples representing fish from (Table 3) and therefore was not measured in the 2007 samples. Wetweight (ww) metal concentrations in the 2005 samples were computed using the moisture content of each blood and fillet sample. The 2007 ww concentrations were computed using the mean moisture content of the 2005 samples (fillet = 79.7 ± 0.1%, blood = 86.6 ± 0.3%, n = 63). The molar ratio of Pb to Ca [Pb]/[Ca] in the fillet samples was computed based on the measured dw concentrations and the atomic weights of Pb (207.19) and Ca (40.08) . Censored values were excluded from these computations.
Differences among sites were tested statistically with analysis of variance (ANOVA) and Fisher's least significant difference tests. Analysis of covariance, correlation analysis (Pearson), linear regression, and stepwise multiple linear regression were used to evaluate relations between blood and fillet metals concentrations and the influence of TL, weight, age, and Ca content on fillet metal concentrations. SAS software (version 9.1; SAS, Carey, NC) was used for all statistical analyses. Summary statistics comparing the measured versus predicted concentrations were computed for each statistically significant regression model. Based on preliminary statistical analysis indicating a need to stabilize the variance of most variables, metal concentrations, [Pb]/[Ca], TL, weight, and age were log 10 -transformed before analysis. Percent moisture was transformed using the angular transformation. Although arithmetic means and SEs are presented, all statistical tests were based on transformed data. A nominal p value of a = 0.05 was used to judge statistical significance unless otherwise indicated. Censored values were excluded from all statistical analyses, graphs, and tables. Because of the NA not analyzed a MDL = 3 9 (SD b 2 ? SD s 2 ) 1/2 , where SD b = SD of digestion blanks (n = 3) and SD s = SD of a low level standard diluted 100-fold (n = 3) b Ca MDL = mg/g dw high degree of consistency in the blood and fillet moisture values, the statistical results were nearly identical for the ww and dw analyses. Therefore, and except where indicated, the dw data are presented. Measured and estimated concentrations of Pb and Cd in hog sucker fillets were compared with relevant human consumption guidelines, which vary among agencies and jurisdictions. Pb and Cd are nevertheless universally recognized as ubiquitous contaminants to which people are exposed in many ways. Many criteria for fish and other foods are therefore defined as or developed from ingestion rates (summarized by Van Oostdam et al. 1999; Schmitt et al. 2006; Leblond et al. 2008) ; information on exposure pathways other than diet (air, dust, smoking, etc.) For Cd, MRLs of 0.05 to 0.10 lg/g ww (0.25 to 0.49 lg/ g dw) in fish and invertebrates have been proposed (FAO/ WHO 1998), but the MRL was not adopted for fish; however, in Turkey the standard is 0.1 lg/g ww (0.49 lg/g dw; Dural et al. 2006 ). In the United States, screening values for Cd in fish weighing 4.0 lg/g ww (19.7 lg/g dw at 79.7% moisture) for recreational fishers and 0.491 lg/g ww (2.42 lg/g dw) for subsistence fishers have been established (USEPA 2000a) . There are also risk-based criteria for Cd in fish (USEPA 2000b) ranging from 0.088 lg/g ww (0.43 lg/g dw: B 16 meals/mo) to 5.6 lg/g ww (27.6 lg/g dw; no consumption). The United States Food and Drug Agency (USFDA) provides ''guidance levels'' for Pb, Cd, and Ni, which accumulate in invertebrates (bivalves and crustacean), but Hg is the only metal for which an enforceable ''action level'' has been established for fish (USFDA 2000 (USFDA , 2001 . Cobalt, Ni, and Zn are essential elements; although they may be toxic at high concentrations, these metals do not typically accumulate to harmful concentrations in the edible parts of fish (e.g., Sidwell et al. 1978; FAO 1983; Schmitt and Finger 1987; Vos et al. 1986; Watanabe et al. 2003) .
Metals in fish also represent a threat to piscivorous wildlife and to the fish themselves. We therefore estimated Pb concentrations in whole hog suckers from blood Pb concentrations using previously determined regression relations (Schmitt et al. 1993) . These estimates were compared with toxicity benchmarks from the scientific literature and to no-effect hazard concentrations developed for wildlife using toxicity reference values and food chain analysis, the lowest of which was 1.1 lg/g dw (Schmitt et al. 2006 . Relations between blood and whole-fish concentrations were not available for the other metals analyzed.
Results

Calcium
Calcium (Ca) was detected in all fillet samples. Concentrations differed significantly among sites; they were higher in the three fish from EPR than those from all other sites (Table 4) , presumably because of the larger area of the fish sampled. Concentrations were also slightly higher in fish from BR, LC, and SC, which were smaller than those from the other sites (Table 3) . Consequently, fillet Ca concentrations were (weakly) negatively correlated with total length when examined across all sites (Table 5 ).
Lead and [Pb]/[Ca]
Pb concentrations exceeded the MDL in blood samples from 57 fish and fillet samples from 62 fish representing all eight sites. As noted previously, most of the censored values were from EPR, CRW, and CRC because of the combination of low concentrations and comparatively high MDL for one analytic block. On a dw basis, concentrations were typically 4-fold higher in blood than in fillet (Table 4) . Concentrations in both sample types were significantly higher in fish from the three mining sites (BR, SR, and LC) than in those from the protected areas (Table 4) . Concentrations were almost 9-fold greater in blood and fillet samples from the sites in the Viburnum Trend (SC and LC) than from the protected areas, and they were 8-fold greater at BR than at SC and LC (Table 4) .
Blood and fillet data from 48 fish representing all eight sites were available for regression and correlation analyses, but EPR was represented by only one fish, CRW by two, and CRC by five because of censoring. Measured Pb concentrations in the 48 blood and fillet samples were highly correlated (Table 5) . A log-log linear model containing only blood Pb explained 94% of the total variation in fillet Pb (Fig. 2) . No other variables were significant after accounting for blood Pb. In general, this model accurately and precisely estimated fillet Pb concentrations across the range of measured concentrations (Fig. 2) . The mean difference between predicted and measured fillet Pb concentrations based on this model was \39% (Table 6 ). However, the mean deviation was heavily influenced by one large fillet Pb value from BR, which was underestimated by approximately 50%, and by proportionally large deviations in fish with low concentrations of Pb (Fig. 2) . Consequently, 50% of the predicted values deviated by \28% from the measured concentrations (Table 6 ). Fillet Pb was significantly, but weakly, correlated with fillet Ca when examined in fish across all sites (Table 5) ; however, when fish were examined at individual sites, a much stronger relation was evident in fish from BR (Fig 3) . In addition, the fish with the greatest fillet Pb concentration, which was underestimated by the blood Pb regression, also had the greatest fillet Ca concentration (Fig 3) . A loglog regression between fillet Pb and Ca in the 12 fish from BR explained 63% of total fillet Pb variation, but there was no relation between fillet Pb and Ca in the 12 fish from LC and SC (Fig. 3) . Concentrations of Pb in blood and fillet were also correlated with concentrations of several other metals, reflecting their common sources at the mining sites (Table 5) (Table 5) , but relations among fish at the individual sites were not statistically significant. The overall negative relations were artifacts of size-concentration bias resulting from the fact that metal concentrations in the larger fish from the protected areas were lower than those in fish from the mining sites, where concentrations were high. 
Cadmium
Cd concentrations exceeded the MDL in all blood samples and in fillet samples from 72 fish; all eight sites were represented. Cd concentrations were typically 3-to 4-fold higher in blood than in fillets and were greatest in fish from LC and BR (Table 4 ). Blood and fillet concentrations were significantly correlated (Table 5) ; a log-log linear regression containing only blood Cd explained 61% of the total variation in fillet Cd (Fig. 4) . The mean difference between predicted and measured Cd concentrations was 47%, and 50% of the predicted values deviated by \27% (Table 6) . Inspection of the data indicated that fillet Cd concentrations in all 3 fish from EPR and in several fish from JF were substantially underestimated as was the concentration in the fish from BR with the highest fillet Cd concentration (Fig. 4) . Fillet Cd was also positively correlated with fillet Ca (Table 5) . Consequently, fillet Ca was statistically significant even after accounting for blood Cd. The relation, log 10 ðFillet CdÞ ¼ À3:397 þ 0:588 log 10 ðBlood CdÞ þ 0:760 log 10 ðFillet CaÞ;
was statistically significant (p \ 0.01) and explained 73% of the total variation in fillet Cd, 12% more than blood Cd alone (Fig. 4) . The mean difference between measured and predicted fillet Cd concentrations decreased to 41.0% in this relation (Table 6 ), but several outliers (including the fish from BR) remained evident (data not shown). Nevertheless, 50% of the predicted values deviated by \24% from the measured concentrations (Table 6) .
Cobalt, Nickel, and Zinc
Initial inspection of the data indicated that one fillet sample from a protected area site (CRP) contained 1.91 lg/g dw Co, [5-fold higher than concentrations in samples collected downstream from mines and approximately 40-fold higher than the other samples from CRP. Three additional subsamples of this sample were digested and analyzed and found to contain 0.17 to 0.29 lg/g Co. The initial value was replaced with the arithmetic mean of the triplicate reanalyses (0.24 lg/g). Although lower than the initial analysis, the latter value was nevertheless 5-fold higher than all other values from protected areas and was within the range of concentrations in fish from mining sites (Fig. 5) . The value was nevertheless retained in the data set. Co concentrations exceeded the MDL in all samples. Concentrations in blood and fillet were significantly higher at SC than at all other sites, and concentrations in fish from the other mining sites (LC and BR) were greater than those in fish from the protected areas (Table 4) . Concentrations were approximately 10-fold higher in blood than in fillets, and concentrations in the two types of samples were highly correlated ( Fig. 5 and Table 5 ). A log-log linear regression that included only blood Co and that was based on all data (including the outlier from CRP) was statistically significant and explained 73% of the total variation in fillet Co (Fig. 5) . The mean difference between predicted and measured fillet Co concentrations based on this regression was 19.8%; 50% of the predicted values deviated by \13%; and there were no other obvious outliers ( Fig. 5 and Table 6 ). Without the outlier, the relation, was also significant (p \ 0.01) and explained 87% of the total variation in fillet Co. Despite the greater overall precision of this relation, the differences between predicted and measured fillet Co concentrations were similar to those from the relation based on all data (Table 6) ; the greatest proportional differences were associated with fish in which concentrations were low. In addition, and although fillet Co and Ca concentrations were correlated (Table 5) , neither fillet Ca nor any other variables were significant in the regressions.
Concentrations of Ni exceeded the MDL in blood samples from 64 and fillet samples from 62 fish. All eight sites were represented. Concentrations were typically 2-to 4-fold higher in blood than in fillets (Table 4 ). Blood Ni concentrations were significantly higher in fish from SC and BR than any other sites, but among-site differences in fillet concentrations were not significant (Table 4) . Consequently, Ni concentrations in blood and fillets were not significantly correlated nor was fillet Ni correlated with fillet Ca (Table 5 ). The log-log linear relation between blood and fillet concentrations was not significant and explained only 4% of the total variation in fillet Ni. No other variables were significant.
Zn concentrations exceeded the MDL in all samples. Concentrations in blood and fillets were approximately the same (Table 4) . Although statistically significant, amongsite differences in blood and fillet Zn concentrations were small compared with the those of other metals (Table 4) . Concentrations in blood and fillet were nevertheless significantly correlated, as were fillet Zn and Ca (Table 5 ). The relation, log 10 ðFillet ZnÞ ¼ À0:827 þ 0:491 log 10 ðBlood ZnÞ; was statistically significant (p \ 0.01), but it explained only 12% of the total variation in fillet Zn, and no other variables were significant. Although the mean difference between predicted and measured fillet Zn concentrations based on this relation was only 15.6 and 50% of the predicted values differed by \14% (Table 6 ), the fit was poor, and there were numerous outliers.
Discussion
The distribution of Pb in organisms parallels that of Ca which, along with Cd and some other metals, tend to be concentrated in bone, skin, scales, and mucus (Settle and Patterson 1980; Schmitt and Finger 1987; Sauer and Watabe 1989; Ptashynski et al. 2002) . The metals may be incorporated into the edible parts of the fish or transferred to them during processing and preparation by contact with slime and contaminated surfaces (Wiener and Giesy 1979; Wiener 1982; Schmitt and Finger 1987) . Consequently, the concentration of Pb and other metals in the ''edible parts'' depends greatly on how the fish is prepared, handled, and cooked (Schmitt and Finger 1987; Zabik and Zabik 1996; MDHSS 2008 ).
Blood Sampling for Screening and Monitoring Metals in Hog Sucker
Lead
Suckers are considered ''bony'' because of the presence of numerous small intermuscular bones. The regionally preferred method of preparation involves either scoring the scaled ''fillets'' (with intact skin and bones) or cutting the fillets into small pieces, then deep frying them to soften the bones so they can be eaten. Hog sucker and other catostomids are also benthivorous; they are in frequent contact with bottom sediments, which are ingested in large quantities along with benthic macroinvertebrates, which may also contain sediments (Czarnezki 1985 and references cited therein). Concentrations of Pb in the edible parts of catostomids and other benthivorous fishes are therefore often higher than in the edible parts of other species typically harvested from mining-contaminated streams (Czarnezki 1985; Gale et al. 2004; Brumbaugh et al. 2005) . Accordingly, suckers and other benthivorous fishes are the focus of the current BR consumption advisory (MDHSS 2008) .
Based on previous results (Schmitt and Finger 1987) , we expected that much of the Pb in hog sucker fillets from mining-contaminated sites would be explained by their Ca concentrations. However, this was only true for samples from BR, where Pb concentrations were highest (Fig. 3) . Fillet Pb concentrations in these samples were more closely correlated with blood Pb concentrations (r = 0.97; Table 5 ) than were blood and fillet concentrations in mixed suckers (r = 0.80; Schmitt et al. 1984) or longear sunfish (Lepomis megalotis; r = 0.70; Dwyer et al. 1988) collected from BR in the 1980s. Our blood and fillet Pb concentrations were also more closely correlated than blood and ''carcass'' (i.e., headed, scaled, and eviscerated) Pb concentrations in common carp (Cyprinus carpio) obtained from BR and other sites in Missouri, Kansas, and Oklahoma in 2001 (r = 0.88; Brumbaugh et al. 2005) .
Blood Pb concentrations in hog suckers from within the ONSR (most \0.1 lg/g dw; Fig. 2 ) are among the lowest yet reported for catostomids. Blood Pb concentrations in a mixed-species sample of suckers obtained in 1981 from a BR reference site located upstream of the Old Lead Belt averaged 0.63 lg/g dw (Schmitt et al. 1984) . Similarly, mean blood concentrations were \0.49 to 1.22 lg/g dw Pb in two species of redhorse (Moxostoma spp.) collected from a site within ONSR in 1989 (Schmitt et al. 1993 ) and averaged 0.24 lg/g dw in mountain sucker (Catostomus platyrhynchus) from a reference site in Montana (Schmitt et al. 2002) . Those measurements were based on atomic absorption spectroscopy and inductively coupled plasma emission spectroscopy and had higher MDLs than those seen with ICP-MS. Using ICP-MS, Schmitt et al. (2007a) reported a mean blood Pb concentration of 0.28 lg/g dw in hog suckers collected in 2001 from a Viburnum Trend reference site. The latter value (Schmitt et al. 2007a ) is 1.5 times higher than our EPR site mean and 3.7 to 7.0 times higher than our means for ONSR sites even after excluding the censored (\0.059 lg/g dw) blood Pb values from consideration (Table 4) . Conversely, blood Pb concentrations in suckers from Pb-Zn mining areas in Missouri typically average 1.0 to 10.0 lg/g dw (Table 4 ; Schmitt et al. 1984 Schmitt et al. , 1993 Schmitt et al. , 2007a , which are among the highest reported. Consequently, the data set we analyzed represents the probable range of blood and fillet Pb concentrations for suckers.
The proposed FAO/WHO (1999) MRL of 0.2 lg/g ww (0.99 lg/g dw) is the lowest relevant fish tissue criterion for Pb; the current MRL is 0.3 lg/g ww (1.48 lg/g dw), which was also used for the 2008 Missouri consumption advisory (MDHSS 2008) . Both values were exceeded by fillet Pb concentrations in all fish from BR (Figs. 2 and 3) , which is consistent with the consumption advisory. Concentrations in some samples from SC and LC also approached the MRL values. Based on the upper 95% confidence limit of the predicted fillet Pb concentrations, hog suckers with blood Pb concentrations \1.0 lg/g dw would be expected to have fillet Pb concentrations \0.2 lg/g ww (0.99 lg/g dw), which would be lower than all current or recently proposed standards for Pb in fish (Fig. 2) . These data and data from previous investigations (Schmitt et al. 1984 (Schmitt et al. , 1993 (Schmitt et al. , 2002 (Schmitt et al. , 2007a ) also indicate that blood Pb concentrations[0.3 lg/g dw in hog sucker would differentiate sites located near or heavily affected by active and historic Pb sources from reference or minimally affected sites (Fig. 2) .
Pb also represents a potential hazard to piscivorous wildlife and to the fish themselves. In fish, the inhibition of erythrocyte d-aminolevulinic acid dehydratase (ALA-D; E.C. 4.2.1.24), an enzyme involved in heme synthesis, is currently the most sensitive known response to environmental Pb exposure (Schmitt et al. , 2007b . Inhibition is directly correlated with blood Pb concentration and inversely related to blood Zn. Sensitivity varies among taxa; suckers among the most sensitive (Schmitt et al. 2002 . Although there is no apparent threshold, inhibition typically becomes evident in suckers at blood Pb concentrations of approximately 0.1 to 0.3 mg/L (Schmitt et al. 1984 (Schmitt et al. , 1993 (Schmitt et al. , 2007b , or approximately 0.75 to 2.24 lg/g dw assuming 86.6% moisture. A blood Pb concentration \0.3 lg/g dw would therefore also identify sites at which effects on fish would be expected based on current information.
Dietary exposure of fish and wildlife to Pb and other metals is typically evaluated on the basis of concentration in whole fish, which are usually higher than concentrations in fillets (Goldstein and DeWeese 1999) . Concentrations of Pb and some other metals in whole fish are also correlated with concentrations in blood. Based on relations between blood and carcass Pb concentrations and ALA-D inhibition in Missouri suckers (Schmitt et al. 1993 ), the NEHC (1.1 lg/g ww in whole fish; Schmitt et al. 2008 ) would be associated with a blood Pb concentration of 0.45 mg/L or approximately 3.4 lg/g dw assuming 86.6% blood moisture. This concentration is several-fold higher than the blood Pb concentrations associated with either the proposed FAO/WHO MRL (1.0 lg/g dw) or the onset of ALA-D inhibition (0.75 lg/g dw).
Among the studies of toxicity to fish reviewed by Jarvinen and Ankley (1999), the lowest reported toxicity benchmark for Pb in whole fish was 0.4 lg/g ww. This concentration, which was associated with decreased hatchability in third-generation brook trout (Salvelinus fontinalis) embryos (Holcombe et al. 1976 ), would be achieved at a blood Pb concentration of 0.17 mg/L (1.26 lg/g dw at 86.6% moisture), which is also higher than the blood Pb concentrations associated with ALA-D inhibition and the draft FAO/WHO MRL. Consequently, a blood Pb screening level of 0.3 lg/g dw would identify mining-affected sites and also be protective of both human and ecological health based on current thresholds and criteria.
Cadmium
Blood Cd concentrations in hog suckers from the EPR and the ONSR sites were also low compared with fish sampled from mining sites (Table 4) . However, and compared with Pb, the concentrations were not appreciably lower than previously reported values for reference sites. Blood Cd concentrations in hog sucker and redhorse collected within ONSR in 1989 were 0.02 to 0.04 lg/g dw (Schmitt et al. 1993) . Based on available data, concentrations \0.10 to 0.15 lg/g dw appear to be typical for suckers from uncontaminated sites (Schmitt et al. 1993 (Schmitt et al. , 2007a . These concentrations are similar to our values from EPR and ONSR (Fig. 4 and Table 4 ). Conversely, our maximum blood Cd concentrations (mean 0.34 lg/g dw at LC) were substantially lower than some reported previously. A concentration of 1.27 lg/g dw was reported in a hog sucker collected in 2001 from a Viburnum Trend site (Schmitt Arch Environ Contam Toxicol (2009 ) 56:509-524 519 et al. 2007a , and concentrations in hog suckers collected in 1989 and 1993 downstream from a smelter located near Glover, MO, averaged 1.06 to 3.49 lg/g dw (Schmitt et al. 1993 (Schmitt et al. , 2002 . The correlation between blood and fillet Cd concentrations in hog sucker (r = 0.78; Table 5 ) was identical to the correlation of blood and carcass concentrations in common carp . Compared with fillet Pb, which was correlated with fillet Ca only in fish from the BR, fillet Cd was significantly correlated with fillet Ca across all sites (Table 5) , and fillet Ca explained an additional 12% of the variation in fillet Cd. Both Pb and Cd accumulate in organisms in association with Ca (Settle and Patterson 1980; Pierron et al. 2008) .
Fillet Cd concentrations in hog sucker were all less than the screening values for recreational and subsistence fishers (2.42 and 19.7 lg/g dw, respectively, assuming 79.7% moisture; USEPA 2000a). Concentrations in all fish from the 2005 and 2007 sites were also \0.43 lg/g dw, which would classify them as fit for unrestricted human consumption ([16 meals/month) according to current riskedbased criteria (USEPA 2000b). However, fillet Cd in hog sucker obtained elsewhere in Missouri may represent a greater risk. Based on the upper 95% prediction limit of the blood-to-fillet Cd relation (Fig. 4) , the hog sucker collected in 2001 from the Viburnum Trend, in which the blood Cd concentration was 1.27 lg/g dw (Schmitt et al. 2007a) , could have had a fillet Cd concentration [1.0 lg/g dw (0.21 lg/g ww assuming 79.7% moisture), which would warrant restriction to 12 meals/month according to current criteria (USEPA 2000b) . Hog suckers collected downstream from the Glover smelter in 1993, which had blood Cd concentrations [3.49 lg/g dw, would have had proportionally higher fillet concentrations that were beyond the range of our regression relation (Fig. 4) .
Cd in fish can also represent a risk to both piscivorous wildlife and the fish. A wildlife NEHC of 1.0 lg/g ww was estimated for Cd using food chain analysis and toxicity reference values . Benchmark concentrations in whole fish for toxicity to the fish or to wildlife fish consumers are typically 2.0 to 15.0 lg/g ww (Eisler 1985; Jarvinen and Ankley 1999) . Concentrations of Cd in whole fish from BR and streams draining the Viburnum Trend have not typically exceeded these thresholds, but the mean concentrations in whole hog suckers collected downstream of the Glover smelter were 1.18 lg/g ww in 1989 (Schmitt et al. 1993 ) and 1.32 to 1.82 lg/g ww in 1993 (Schmitt et al. 2002) , all of which exceeded the NEHC. Concentrations of Pb and Cd, but not Zn, in ''carcass'' (headed, scaled, eviscerated) samples of common carp (Cyprinus carpio) can be estimated from concentrations in blood . It is therefore likely that concentrations of these metals in whole hog sucker and other benthivores can also be estimated from blood concentrations, but additional analyses would be required to develop and evaluate the relations.
In addition to the generally low concentrations, and compared with Pb, concentrations of Cd overlapped considerably among sites (Fig. 4) . Defining screening criteria based on blood concentrations is therefore more difficult. Nevertheless, hog sucker with blood Cd concentrations \0.5 lg/g dw would probably have fillet and whole-body Cd concentrations that did not represent a threat to human or ecologic health. Although a blood Cd concentration [0.1 lg/g dw might indicate that the fish inhabited a mining-affected site, concentrations were lower in some hog suckers from mining-affected sites (Fig. 4) .
Zinc, Nickel, and Cobalt
Internal concentrations of Zn, an essential element, are tightly regulated by fish (Bury et al. 2003) . Accordingly, the range of blood and fillet concentrations in hog suckers was comparatively narrow (Table 4) relative to the range of exposure concentrations represented by the sites . A previous study found that Zn concentrations in blood and whole fish samples of hog sucker and other suckers varied by only approximately 2-fold, although concentrations in sediments ranged more than 4 orders of magnitude (Schmitt et al. 1993) . Consequently, and although Zn concentrations in fish from mining sites are typically higher than those from sites not affected by mining, the differences are proportionally small compared with Pb and some other metals. Blood Zn is therefore a comparatively poor indicator of fish exposure to mining-derived Zn except at very high concentrations.
Co and Ni are also essential elements. Although they are regulated by higher vertebrates (e.g., Eisler 1998), Ni and Co are not as well regulated as Zn by fish (Schmitt et al. 2007a) . Mean blood Ni concentrations in hog suckers from ONSR sites and EPR were\0.20 lg/g dw, which is similar to previously reported concentrations in suckers from reference sites (Schmitt et al. 1993 (Schmitt et al. , 2007a . Conversely, blood Ni concentrations as much as 5-fold higher than our SC values were reported in hog suckers collected further upstream in 2001 (Schmitt et al. 2007a ). Liver Ni concentrations were also increased in the 2001 fish from SC but were only approximately 50% of the blood concentrations (Schmitt et al. 2007a ). Most of the Ni in fish is associated with blood plasma (Pane et al. 2004 ); concentrations are therefore higher in blood than in liver (Schmitt et al. 2007a) . Ni concentrations in muscle are typically low, even in fish (including suckers) from Ni-contaminated waters (Bradley and Morris 1986; Heit et al. 1989; Goldstein and DeWeese 1999; Ptashynski and Klaverkamp 2002) . The greatest concentrations tend to occur in kidney and scales, but concentrations are also comparatively high in skin and bone. It is therefore possible for Ni concentrations in fillets containing skin and bone obtained from fish inhabiting contaminated waters to be considerably higher than concentrations in muscle. However, concentrations in our fillet samples were uniformly low and were not correlated with Ca concentrations (Table 5 ). Blood Co concentrations in hog suckers from EPR and ONSR were also similar to concentrations in fish collected in 2001 from the Viburnum Trend reference site (Schmitt et al. 2007a) , and concentrations in fish from SC and the other mining sites were increased relative to EPR and ONSR (Table 4) . Blood Co concentrations in hog suckers collected in 2001 further upstream on SC were approximately twice what we detected. In addition, and compared with Ni, Co concentrations in blood and liver samples were approximately equal (Schmitt et al. 2007a) . Also compared with Ni, blood and fillet Co concentrations were correlated (Table 5) . Concentrations of Co, Ni, and Zn may also be higher in whole fish than in fillets and could therefore also represent a risk to piscivorous wildlife in the Viburnum Trend and other areas of southeastern Missouri where these metals were mined (Proctor and Sinha 1978) . Further investigation would be required to assess these possibilities.
In terms of screening levels, blood Co concentrations [1.0 lg/g dw and blood Ni concentrations [0.2 lg/g dw would identify hog suckers from sites heavily affected by mining, but there was considerable overlap among reference and minimally affected sites. As noted, blood Zn is not a reliable indicator of environmental exposure; although concentrations in fish from the most heavily contaminated sites are typically [70 lg/g dw, this concentration was exceeded by one fish from the JF, which is within the ONSR.
Blood Sampling Compared With Other Nonlethal Sampling Strategies
Blood sampling offers some substantial advantages to available alternatives for nonlethal monitoring of metals in fish. Biopsy samples have been used to determine Hg in piscivorous fishes (Schmitt and Brumbaugh 2007c and references cited therein) and for Se in the federally listed razorback sucker (Xyrauchen texanus; Waddell and May 1995) . Fin clips have been proposed for monitoring Hg (Rolfhus et al. 2008) , as have analyses of scales or fin spines, which contain proportionally large amounts of Ca, to monitor other metals (e.g., Sauer and Watabe 1989; Ptashynski et al. 2002) . Hg and Se accumulate in fish muscle, which facilitates biopsy sampling. Skin is generally not included in biopsy samples analyzed for metals . In contrast, Pb, Cd, and other metals accumulate in bone, skin, or both. Although we are not aware of studies that have evaluated biopsy sampling for the metals we measured, we suspect that the presence of skin or bone fragments in the small-mass samples generated by biopsy instruments would result in substantial among-sample variation. Scales accumulate Zn, Pb, Ni, manganese, and strontium, but not Cd or copper (Sauer and Watabe 1989; Yoshitomi et al. 1998; Ptashynski et al. 2002) . Concentrations of Pb in fin spines are also enriched and have been shown to be correlated with concentrations in otoliths (Gillanders 2001) . However, scales and spines may be reabsorbed or remineralized with time during periods of environmental stress (Gillanders 2001) . The flux of metals in scales and mucus is also bidirectional; metals can be secreted into them by the fish or sequestered by them from the water (Coello and Khan 1996 and references cited by Schmitt and Finger 1987) . Finally, regenerated scales occur often in suckers and many other fishes. Consequently, and although scales and other hard structures have been proposed as continuous recorders of environmental metal exposure, the utility of these structures and of biopsy samples for monitoring mining-derived metals in suckers remains to be evaluated.
Blood has several additional advantages compared with other target tissues. First, an increased metal concentration in blood may better indicate the current exposure and health of an organism. In contrast, sequestration of metals in target tissues, such as bone or liver, represents a longterm biologic detoxification mechanism (Martin 1987) . As such, concentrations in these tissues may represent longterm cumulative exposure history but may not accurately reflect current or recent exposure or effects on the organism. Consequently, blood Pb remains an important indicator of Pb exposure in humans (Barbosa et al. 2005) and wildlife (Pattee and Pain 2003; Henny 2003) . Second, metal concentrations in blood seem to be less variable (among samples and fish) than in other tissues Schmitt and Brumbaugh 2007) , and fewer samples are required to achieve the same relative precision. Third, blood is generally less costly to analyze than other tissues, and sample contamination is less likely. Blood collection and storage requirements are simpler; less equipment and fewer containers are used; and homogenization is not required. These factors also decrease the risk of contamination. Sampling contamination is also less likely to happen in blood collected with a needle and syringe than for tissues obtained by dissection (Schmitt and Finger 1987) . Pb is a ubiquitous, pervasive contaminant; measurement in environmental samples at low concentrations is inherently difficult (Settle and Patterson 1980; Windom and Duce 1991; Benoit 1994 ). We detected lowlevel blank contamination in one group of samples, which was ultimately traced to some vials. This low-level contamination was reflected in higher MDLs (Table 2) , which were nevertheless lower than those reported in previous studies. If not for the fact that blood Pb concentrations in fish from the EPR and ONSR system were 10-fold lower than previously reported concentrations in fish from reference sites in the Midwest (including laboratory-raised fish; Schmitt et al. 2005 Schmitt et al. , 2007a , the censoring level would not have been an issue. Finally, repeated sampling of blood from large fish, which are less plentiful and often more valued by recreational fishers and fish consumers, is feasible because it is not necessary to kill the fish.
Although blood sampling appears attractive for monitoring mining-derived metals in suckers and possibly other fishes, there are at least two potential drawbacks. First, as indicated, the biologic half-life of Pb and other metals in blood is comparatively short; it ranges from several days to several weeks. In contrast, other tissuessuch as liver, kidney, bone, or axial musclētend to be more cumulative metal repositories (Savory et al. 1987; Pattee and Pain 2003) . Therefore, although blood concentrations may accurately portray recent or current exposure, they may poorly indicate the long-term exposure history of an organism if the exposure has been variable. Blood may therefore be less suitable for monitoring in situations where exposure is intermittent or temporally variable. Seasonal variation related to the reproductive cycle, fish movement, or both may also occur. However, the comparability of the blood metal concentrations we report, relative to those of the previous studies cited, indicate that for situations where exposure derives from mining-related sources, blood concentrations accurately reflect exposure. The second negative feature is that the blood and fillet concentrations are not directly comparable. Compared with biopsy methods, which yield samples that are essentially subsamples of fillets that contain comparable metal concentrations, fillet concentrations must be estimated from blood samples on the basis of regression relations, which contain additional error components and must be re-evaluated periodically . It should also be noted that the actual precision of the fillet estimates is less than we indicated because error in the blood measurements was not accounted for (Ricker 1973; Hensler and Stout 1982; Lake et al. 2006) . The estimates may therefore lack the precision necessary for establishing consumption advisories.
Conclusion
Blood sampling is practical and useful for estimating concentrations of Pb and Cd in the edible parts of hog suckers, as shown previously for other species and metals Schmitt and Brumbaugh 2007) . Although relative differences between predicted and measured concentrations were proportionally large for some samples (Table 6 ), many of the greatest proportional deviations were associated with low concentrations; relative differences were smaller in the upper (and presumably more relevant) parts of the concentration ranges. In addition, and compared with Hg, concentrations of the metals we measured in hog sucker blood and fillets did not differ appreciably with fish size, thus eliminating a potentially important source of bias and variation inherent in monitoring studies. Sex differences were also not evident; however, size and sex differences may be more important during other seasons caused by variation associated with the reproductive cycle. Although the relations between blood and fillet Pb and Cd concentrations may lack the precision necessary for establishing consumption advisories, hog suckers with blood Pb concentrations \0.3 lg/g dw would be safe to eat and would not represent a risk to piscivorous wildlife. This concentration would also differentiate between fish from sites that are heavily contaminated by mining and those from reference or moderately contaminated sites. Blood concentrations of Cd, Co, and Ni can also be used for monitoring and to identify potential sites for fillet sampling, which would decrease the number of fish that need to be killed.
